Abstract. Spinach (Spinacia oleracea L.) was chosen to demonstrate that the respective vegetative or reproductive conditions of transplants can be controlled in their early stages of development under artificial light in a closed system. Transplant production under artificial light was divided into three growth phases and the photoperiod during each of these phases was varied. The rate of floral development was controlled by photoperiod, but floral initiation itself was not affected. Short photoperiod treatments (8 or 12 hours/day) retarded floral development and stem elongation (bolting). This delay continued even after the transplants were transferred to natural long-day (15.5 hours/day on average) conditions with high temperatures (17 and 37 °C minimum and maximum). We concluded that by using short photoperiods during transplant production, marketable plants with reduced bolting could be produced under natural long-day conditions. In Japan, spinach with this rosetting capacity would be of greater value. Further, this concept opens the possibility of producing better quality transplants of several species under artificial lighting conditions of appropriate length, and thereby controlling their floral development and/or bolting.
with different conditions, for the final stages of growth. Thus, plants are produced under two different environmental regimes. Spinach, our model plant, naturally develops a rosette of leaves soon after germination. This short stem begins to elongate as the plant matures (Singhal and Kulkarni, 1998) . When spinach is grown under the long-day conditions of spring/summer, plants have a greater tendency to bolt and flower (Hartmann et al., 1988; Singhal and Kulkarni, 1998) . Chun et al. (1999) showed that manipulating the day length and temperature during transplant production prevented bolting. In our study, the effect of photoperiod on floral development and bolting of transplants produced under artificial lighting conditions was investigated, since few studies have been conducted on the physiological aspects of spinach transplants produced under such conditions.
Materials and Methods
Five seeds of spinach (cv. Dimple; Sakata Seed Corp., Yokohama, Japan) were sown in each cell (8 cm 3 ) of trays (144 cells per tray, 30 × 60 cm; Taiyo Kogyo Co., Ltd., Tokyo). Cells were filled with granules of rock wool (3 g per cell; Nichias Corp., Tokyo) on 20 May. They were cultured in three growth chambers (Koitotron 3HN-35MLA; Koito Industries, Ltd., Yokohama, Japan), under a microwavepowered lamp (Solar 1000 TM Lighting System SAB; Fusion Lighting, Rockville, Md.) as described by Kozai et al. (1994) . The photosynthetic photon flux (PPF) on the surface of the trays was 350 ± 50 µmol·m -2 ·s -1
. Light/ dark periods in the chambers were 8/16, 12/12, and 16/8 h/day, respectively. Air temperature and relative humidity throughout the day in each growth chamber were set at 20 °C and 70%, respectively.
Growth in these environmental chambers was divided into three phases: Phase A, from sowing to cotyledon expansion (6 d); Phase B, from cotyledon expansion to expansion of two true leaves (8 d); and Phase C, expansion of two true leaves to expansion of four true leaves (3 d), for a total of 17 d. A total of 15 different photoperiodic treatments were used.
Fertigation was conducted daily, using a commercial nutrient solution (High Tempo; Sumitomo Chemical Co., Ltd., Tokyo, Japan , respectively. On 6 June the seedlings were transplanted to a plastic greenhouse and cultured for 14 d under natural lighting conditions. The natural day length from 6 to 20 June averaged 15.5 h/ day (lat. 35°N) and air temperature averaged 24 °C (17 and 37 °C minimum and maximum). These transplants were grown in an ebb-andflow technique hydroponic system (188 Type; Ibikawa Kogyo Co., Ogaki, Japan) at a planting density of 300 plants/m 2 . Throughout the experiment, the nutrient solution's pH and EC were maintained at 6.0 and 280 mS·m -1 , respectively. Plants were harvested on 20 June.
Before the seedlings were transplanted from the growth chamber, five transplants from each treatment were destructively sampled to determine the stage of floral development. Meristems were viewed and photographed using a digital microscope (VH-6300; Keyence Corp., Osaka, Japan). Leaf and root lengths and shoot and root fresh weights were also determined. At final harvest maximum length of stem and leaf, number of leaves, and shoot fresh weight were recorded. Treatments were arranged in a randomized complete-block design with three replications of 15 plants each per treatment. Analysis of variance and Duncan's multiple range test were used for a statistical comparison among the treatments.
Floral development of a terminal apical meristem can be divided into four stages, according to Eguchi and Ichikawa (1940) . The vegetative state (no floral differentiation) was characterized by a flat shoot apex with only subtending leaf primordia. Flower cluster initiation began ( Fig. 1 A and a) when the apex formed a hemispherical dome. The diameter of the dome enlarged steadily during the flower cluster differentiation stage ( Fig. 1 B and b) . During the flower cluster formation stage, many flower clusters and bracts were formed ( Fig. 1 C and c) .
The commercial possibilities of producing various transplant species under artificial light in a closed system have been discussed by Kozai (1998) . In such a system, vegetative or reproductive responses could be controlled relatively easily by photoperiod with a minimum increase in production cost. For example, the value of certain species of transplants increases when bolting and/or flower bud initiation has been controlled environmentally. In the present study, spinach was chosen to demonstrate this concept.
Spinach production in hydroponic greenhouses is becoming popular in Japan (Chun et al., 1999) . The transplants are produced under one set of environmental conditions, then transplanted to another greenhouse production area,
Results
Floral development was most rapid in treatments 16-16-8 and 16-16-16 , in which all the terminal apical meristems were in the flower cluster formation stage (Table 1 , Fig. 1 C and  c) . In treatments 8-16-8 and 8-16-16, apices were between the flower cluster differentiation and flower cluster formation stages, with the latter being dominant. Floral development in the remaining treatments was retarded. In treatments 8-8-12, 8-8-16, 8-12-12, 12-8-12, 12-12-8, 12-12-12, 16-8-8, and 16-8-16 , differentiation had occurred, whereas in treatments 8-8-8, 8-12-8, and 12-8-8 , initiation was common (Table 1) .
Seventeen days after sowing the maximum leaf length, maximum root length, and shoot fresh and dry weights did not show a consistent trend among the treatments (Table 2) . For every growth measured, except for leaf length, treatment 16-16-16 showed the greatest vegetative growth (Table 2) .
At the final harvest (14 d after transplanting) stem lengths were greatest in treatments 8-16-16 and 16-16-16 (17.2 and 21.1 cm, respectively). Stem lengths were >10 cm in treatments 8-16-8, 8-16-16, 16-16-8, and 16-16-16 , for which the Phase B photoperiod was 16 h, whereas they were <10 cm in treatments 8-8-16 (6.6 cm) and 16-8-16 (7.9 cm), where the Phase B photoperiod was 8 h and the Phase C photoperiod was 16 h (Table 3) .
Leaf lengths were significantly shorter in treatments 8-16-16, 16-16-8, and 16-16-16 than in other treatments, whereas they were longer than 25 cm in treatments 8-8-8, 8-8-12, 8-12-12, 12-8-8, 12-12-8, 12-12-12, and 16-8-8 . The number of leaves and the shoot fresh and dry weights did not vary consistently among the treatments (Table 3) .
Discussion
Spinach has long been classified as a longday plant (Boswell, 1935; Garner and Allard, 1920; Magruder and Allard, 1936; Metzger and Zeevaart, 1980; Zeevaart, 1971) . However, in this experiment all the meristems were reproductive at transplanting 17 d after sowing. Therefore, the transformation from the vegetative to the reproductive state occurred sometime during these 17 d, and the short (8 h) photoperiod treatments were unable to prevent floral initiation. This makes a requirement for long photoperiods for floral initiation questionable. Eguchi and Ichikawa (1940) also found that spinach differentiated reproductive structures some 15 to 30 d after sowing under the respective natural conditions, regardless of time of sowing throughout the year.
True floral development was more rapid under treatments in which the photoperiod was 16 h during Phase B, regardless of the photoperiod in Phase C. Floral development was retarded in other treatments. These results suggest that the rate of floral development can be controlled by photoperiod, although floral initiation itself cannot. In most plants, once the transformation from the vegetative to the reproductive state has been made, the process is irreversible and the respective floral parts will continue to develop until anthesis if there is an appropriate carbon source, even though the environmental conditions that existed during floral initiation have changed (Janick, 1986) .
Prior to transplanting seedlings were visually similar, regardless of treatment; however, there were anatomical differences among the apical meristems. Root fresh and dry weights were greater in the long photoperiod treatments, and root growth was proportional to the total daily light integral. This has also been observed in wheat (Triticum aestivum L.) (MacDowall, 1977) . Apparently, the light compensation point for root growth is higher than that for shoot growth (MacDowall, 1972a (MacDowall, , 1972b (MacDowall, , 1972c . This is attributed to a sourcesink relationship; the primary sink is the leaves, then stems if photosynthate is limited. At light saturation, the roots become the primary sink (MacDowall, 1973) . Bruggink (1992) reported that relative growth rate in Lycopersicon and Dianthus was proportional to the level of mean daily light integral.
At final harvest stems were longer in plants exposed to long photoperiods before transplanting. Leaf lengths, however, were shorter. Inhibition of floral development resulted in retarded bolting.
All treatments with 8-or 12-h photoperiods in Phase B, regardless of the photoperiod in Phases A and C, retarded bolting, and the resulting plants were commercially acceptable for the Japanese market. This suggests that short photoperiod treatments before transplanting, which retarded floral development, also retarded bolting. This retardation occurred even though the environmental conditions were changed to the natural long days and high temperatures of summer, under which spinach easily bolts and becomes unmarketable. Spinach is grown for its rosette leaves, which are harvested when they are nearly fully expanded (Hartmann et al., 1988) . Increased yields (shoot fresh weight and number of leaves) were obtained in plants exposed to 8-or 12-h photoperiods prior to transplanting. In this experiment, regardless of photoperiod after the above sensitive growth period, the best time for harvest was 14 d after transplanting, when the maximum leaf length was ≈25 cm.
Transplants grown under short photoperiods showed negligible bolting and maintained marketability. This suggests that marketable transplants can be produced under short photoperiods using artificial light, even if seedlings are subsequently transferred to natural long-day conditions. These findings are comparable with those reported by Chun et al. (1999) . Further, spinach should be considered a day-neutral plant in respect to floral initiation, although it is a quantitative long-day plant in its floral development.
Using short photoperiods during early development may permit production of highquality transplants of other species, such as Lactuca, Brassica, and Allium.
